The objective of our study was to survey the accumulated 2-methylisoborneol (MIB) and geosmin (GSM) in fillets of five important farmed fish species in Hungarian aquaculture in relation to MIB and GSM concentrations in water and sediment in the aquatic systems where they were raised: (the planktivorous silver carp (Hypophthalmichthys molitrix), the herbivorous grass carp (Ctenopharyngodon idella), the bottom-feeding omnivorous common carp (Cyprinus carpio), the omnivorous tilapia (Oreochromis niloticus) and the carnivorous African catfish (Clarias gariepinus)). Water, sediment and fish samples were collected from different experimental aquatic systems which included a combined aquaculture-algae (CAA) system, effluent-fed fishponds, a pond recycling system and a traditional fishpond. MIB and GSM contents were extracted with distillation-headspace solid-phase -microextraction (SPME) and extracts analysed by GC-MS. Results showed that off-flavour contents in fish fillets were related to the feeding habits of the studied fish species. Higher GSM concentrations were found in the fillet of bottom-feeding common carp than in the silver carp or African catfish in all studied aquatic systems. Usually, low GSM concentrations were detected in the water of fishponds but sometimes the levels of this odour compound in carp fillet were well above the limits of human detection. This suggests that the off-flavour tainting of common carp may originate from the sediment or benthic algal/actinomycete sources. Negligible MIB levels were found in all samples in all of the studied aquatic systems.
Introduction
Meat quality is one of the current problems in freshwater fish production because of natural origin off-flavours (Tucker, 2000) . The unpleasant, strong muddy-musty taste and odour of fish meat are also a relevant practical problem in Hungarian aquaculture (Lipták et al., 1998) . Different off-flavour compounds were isolated from channel catfish in the USA, including geosmin, 2-methylisoborneol, 2-methyleneborane and 2-methyl-2-borene (Lovell et al., 1986; Martin et al., 1987 Martin et al., , 1988 . However, muddy-musty taste and odour problems are caused mainly by two isoprenoid compounds, 2-methylisoborneol (MIB) and geosmin (GSM) synthesised in the pond water and sediment by different micro-organisms, such as cyanobacteria (Anabaena, Aphanizomenon, Lyngbya, Oscillatoria, Schizothrix, Symploca) and actinomycetes (Actinomadura, Microbispora, Nocardia, Nocardiopsis, Streptomyces) (Tucker and Martin, 1991) . These two isoprenoids can be found mainly in the sediment of the natural water bodies or fish culture systems. Different fish species in the same pond circumstantially may assimilate different amounts of GSM and MIB, mainly through the gills or the digestive track and partially through the skin (Howgate, 2004) , and off-flavour contents are correlated to tissue lipid content (crude fat % in the total body) of fish (Tucker and Martin, 1991; Tucker, 2000) . The compounds can be detected by humans at odour threshold concentrations (OTCs) as low as 0.01 mg L 21 in water and 0.70 mg kg 21 in fish (Persson, 1980) . Little information is available on the relationship between feeding habits of different fish species and off-flavour concentrations in their meat (Bodea et al., 2001) . Therefore the objective of our study was to survey the accumulated MIB and GSM in tissues of five important fish species: the herbivorous grass carp (Ctenopharyngodon idella), the bottom-feeding omnivorous common carp (Cyprinus carpio), the plankton-feeding silver carp (Hypophthalmichthys molitrix), the omnivorous tilapia (Oreochromis niloticus) and the carnivorous African catfish (Clarias gariepinus) of Hungarian aquaculture, in relation to off-flavour concentrations in water and sediment of the aquaculture systems in which they were raised.
Materials and methods

Description of aquatic systems
According to the objectives, samples of water, sediment and fish were collected from four different experimental aquatic systems: a traditional fishpond and different pilot-scale experimental aquaculture systems represented by a pond recycling system (Figure 1 ), effluent-fed fishponds ( Figure 2 ) and a combined aquaculture-algae (CAA) system ( Figure 3 ). The pond recycling system consisted of production fishponds where fish were stocked in high densities and a filter pond where the water treatment and nutrient removal were taking place . African catfish (C. gariepinus) and common carp (C. carpio) were fed in the intensive ponds (I 1 and I 2 ) by commercial fish feed. There was a supplementary grain feeding applied in the filter pond. Operational years of the pond recycling system were 1999-2002.
Effluent-fed fishponds (operational period: 2001-present) were utilised for intensive aquaculture (flow-through African catfish farm) effluent treatment and fed daily with 300 m 3 discharged water (Kerepeczki et al., 2003) . The effluent-fed fishpond1 (EFP1) received the nutrient load directly and the overflow water was introduced to effluent-fed fishpond2 (EFP2). There was no feeding applied in the fishponds, the fish consumed the food sources present in the ponds. The CAA system comprised intensive fish tanks where African catfish were fed commercial feed, an algal pond (without fish) and a fishpond where algae were consumed by the stocked fish (Gál et al., 2004 ). The CAA system was operated in 2004.
Technical parameters and sampling periods of the studied systems are described in Table 1 .
Concentrations of the most important nutrients were detected in the experimental aquatic systems, average values are given in Table 2 .
Sampling
One litre water samples were collected from the whole water column of each sampling point of the ponds, filtered through filter paper (Whatman No.4) and 100 mL was transferred from each sample to a 100 mL volume dark sterile glass bottle, closed under helium and stored in a refrigerator for a maximum of four days, if we could not analyse the samples immediately. Five randomly situated sediment samples were collected from each pond by pushing a plastic tube (inside diameter: 10 cm) and then extruded onto a glass plate. The upper 5 cm layer from the sediment surface was cut and used as a sample. Samples were stored at 2208C for a maximum of six months. Test fishing was carried out by cast net. At least 10 fish were collected with five to nine caught from each species. Five fish of equal size and age from each species (common carp , 800 g; grass carp , 300 g; silver carp , 500 g; African catfish ,1000 g; tilapia , 500 g) were transported to the laboratory alive and killed immediately by a blow to the head and then filleted. Fillets were stored at 2208C in Ziplock plastic bags closed under helium for a maximum of six months. Samples collected from the same system and time were always analysed on the same days to avoid differences because of the possible loss (10-20%) of GSM and other volatile compounds.
Crude fat determination
Crude fat concentrations in the fillets of common carp, silver carp and grass carp were determined only in 2003. Samples (1 g dried at 608C) were boiled for three hours with 15 cm 3 1.545 g cm 23 H 2 SO 4 at 808C. Supernatants were isolated with 1 mL iso-amylalcohol and volumes were measured with butyrometer (Lőrinc and Lencsepeti, 1973) . Sample preparations were carried out with an improved method of Zhu et al. (1999) . Sediment and fish fillet samples were homogenised and placed into a glass container (10 g/sediment samples and 30 g/fish samples in three replicates). A microwave distillation with helium purge was used to collect off-flavour compounds of sediment and fish in an aqueous matrix (20 min). Off-flavour compounds were extracted from condensate of sediment and fish fillet or water samples (25 mL/samples, salted with 5 g NaCl) by the heated headspace method with solid-phase microextraction (SPME) (30 minutes at 658C with rapid stirring) using a dual-coated 2 cm length divinilbenzene-carboxen-PDMS fibre (Stable flex, Supelco Inc.). The carboxen coating is excellent for trapping and releasing MIB, while divinilbenzene is excellent for the larger geosmin compound. The 2 cm fibre length permits detection at 1 ng L 21 (Supelco, 1998). GC-MS analysis was carried out by capillary gas chromatography/mass spectrometry with a method of Supelco (1998). An HP6890 GC equipped with a 5973 MS detector (Agilent Technologies) was used. The chromatographic conditions were as follows: Column: HP-5MS 60 m £ 0.25 mm ID, 0.25 mm film, injector: 2508C splitless, closed 3 min; oven: initial temperature 608C, 1 min hold, than programmed at 158C/min to 2508C; carrier: helium, 35 cm/sec; MS: m/z 75 -180 at 0.6 sec/scan with 3 min solvent delay; quantification: m/z 95 (MIB) and m/z 112 (GSM). Standard chromatograms and spectra were developed in 0.010-1.000 mg L 21 concentrations of MIB and GSM (Sigma Chemical Co). Calculation was carried out by standard addition of 10-1000 mL of 0.100 mg mL 21 MIB and GSM standard mixture, before microwave distillation of sediment and fish samples or directly to the water samples. Relative standard deviation of reproducibility in samples was 4-10%, being higher in the lower concentrations.
Comparison of differences between means of geosmin concentrations of water, sediment and fish samples from three or five replicates was carried out with Student's t test (Microsoft Excel).
Results and discussion
Negligible MIB contents were found in the water and in the fish fillets of all of the studied aquatic systems. Geosmin was present in various concentrations from trace levels to ..10 mg/kg in the fillets of analysed fish species during the study period of 2002-2005. A survey was carried out in 2002 for off-flavour concentrations in the water and different fish species which were raised in the effluent-fed fishponds, a pond recycling system and a traditional fishpond. Geosmin concentrations were 0.010-0.114 mg L 21 in the water of effluent-fed fishponds and pond recycling system through the productive period in 2002. Concentrations of GSM in fish were below the OTC in the effluent-fed fishponds and in the ponds of the pond recycling system, but GSM concentrations in bottom-feeding common carp (C. carpio) fillet of the traditional fishpond were around the OTC in August (Table 3) . Significantly higher GSM concentrations ( p , 0.05; 5-10 times) were found in the fillets of bottom-feeding common carp (C. carpio) than detected in carnivorous African catfish (C. gariepinus) in the intensive ponds of the pond recycling system. Five to ten times higher GSM concentrations (0.800 -5.003 mg kg 21 ) were found in the fillets of bottom-feeding common carp (C. carpio) than in fillets of plankton-feeding silver carp (H. molitrix) (0.100 -0.500 mg kg 21 ) in the filter pond of the pond recycling system in September. Extremely high GSM concentrations (5.945 -50.35 mg kg 21 ) were found in some bottom-feeding common carp fillets cultured in the traditional fishpond in September. GSM concentrations of water, sediment and fillets of different species with different feeding habits (common carp, silver carp, grass carp) were compared in effluent water treatment ponds of a fishpond-wetland system in the following years (2003 and 2005) to attempt to identify whether the main sources of the off-flavour compounds for fish species differed with different feeding habits. Generally lower (0.010 -3.00 mg L 21 ) GSM concentrations were detected in the water than measured in the sediment of effluent-fed fishpond1 (Table 4) , which suggested that off-flavour might originate from the sediment (which contained 192-761 mg kg 21 GSM). Geosmin contents of some bottom-feeding common carp fillets were high in effluent-fed fishpond1 in August 2003. Geosmin concentrations in the water, sediment and fillets of bottom-feeding common carp (C. carpio) were lower in the effluent-fed fishpond2 than those in the water, sediment and bottom-feeding common carp (C. carpio) fillets in the effluent-fed fishpond1. Negligible GSM concentrations were found in the fillets of herbivorous grass carp (C. idella) and plankton-feeding silver carp (H. molitrix) in both studied effluent-fed ponds. Crude fat contents of the fillets (% in dry fillet weight) were found to be in extremely low concentrations (less than 1%) in all the three studied fish species. Geosmin content of fish fillets could therefore be related only to their feeding habits.
As effluent-fed fishpond1 was not used for fish production in 2005, only effluent-fed fishpond2 was studied again in this year. Substantially lower GSM concentrations were found in the sediment samples from this effluent-fed system at the beginning of September 2005 than found in August 2003 (Table 5) . Similarly, lower GSM concentrations were detected in the bottom-feeding common carp (C. carpio) fillets in 2005 than in 2003. There were nosignificant difference in GSM concentrations between the bottomfeeding omnivorous common carp (C. carpio) and the plankton-feeding silver carp (H. molitrix) in 2005 ( p . 0.05).
Off-flavour concentrations in the fillets of three species (African catfish, common carp, tilapia) with different feeding habits were compared in a combined aquaculturealgae system in the early autumn of 2004. Negligible MIB levels were found in fillets of (Table 6 ).
Conclusions
Our comparison of five different fish species raised in a variety of aquaculture systems showed that off-flavour caused by GSM was always lower in fillets of carnivorous African catfish (C. gariepinus) and herbivorous grass carp (C. idella) than in species with other feeding habits in the same aquatic system. MIB was only present at trace levels in all systems throughout the study period. Geosmin concentrations were usually higher in the fillets of bottom-feeding omnivorous common carp (C. carpio) than those found in all species with other feeding habits in the same aquatic system on the same sampling day. As common carp (C. carpio) roots out food from the sediment, our data suggest that this species may take up more GSM via ingestion and less through the gills during respiration. These observations are in good accord with results of Howgate (2004) .
Overall, GSM tainting of fish fillets showed a general relationship with the feeding habits of the studied fish species. Tainting may reflect benthic sources of the odour compound such as a cyanobacteria mat, or actinomycete-algal debris which are directly ingested by these fish and absorbed through the gut. Alternatively this suggests that bottom-feeding fish might absorb a significant amount of GSM via their gills from the surficial sediment or surficial sediment material, which gives rise to unfavourable muddy taste and/or musty odour of fish meat. 
